The cerebellum is thought to interact with distributed brain networks to support cognitive abilities 3 such as episodic memory and language. Episodic memory and language networks have been 4 associated with distinct endogenous oscillatory activity frequency bands: theta (~3-8 Hz) versus beta 5 (~13-30 Hz), respectively. We sought to test whether it is possible to toggle cerebellar participation in 6 episodic memory versus language by noninvasively stimulating with theta versus beta rhythmic 7 transcranial magnetic stimulation. Cerebellar theta stimulation improved episodic memory encoding but 8 did not influence neural signals of language processing, whereas beta stimulation of the same 9 cerebellar location increased neural signals of language processing but did not influence episodic 10 memory encoding. This constitutes evidence for double-dissociation of cerebellar contributions to 11 language versus episodic memory based on stimulation frequency pattern, supporting the hypothesis 12 that the cerebellum can be biased to support these distinct cognitive abilities at the command of 13 network-specific rhythmic activity. 14 15
Introduction 16 17
The cerebellum contributes to a number of cognitive abilities, including episodic memory, 18 language, decision-making, motor control, and others (Desmond and Fiez, 1998, Schmahmann, 2019) . 19
Many reports have particularly implicated lobules VI and VII, and especially Crus I and II (Stoodley and 20 Schmahmann, 2010) , in cognition. Portions of these cerebellar regions show resting-state fMRI 21 connectivity and task-based co-activation with most major distributed cognitive brain networks (Buckner 22 et al., 2011 , Habas et al., 2009 , King et al., 2019 . For example, Crus I is a functionally heterogeneous 23 lobule of posterolateral cerebellar cortex , Strick et al., 2009 , Stoodley, 2012 that 24 interacts with the hippocampal network that supports episodic memory (Andreasen et al., 1999, The stimulation approach in this experiment was motivated by previous evidence that episodic 32 memory and language networks are associated with distinct frequencies of oscillatory activity. Theta-33 band (~3-8 Hz) interregional synchronicity of episodic memory network locations, including the 34 cerebellum, has been associated with memory encoding and retrieval (Anderson et al., 2010 , Lega et 35 al., 2012 , Rutishauser et al., 2010 , Watrous et al., 2013 , Hoffmann and Berry, 2009 , Herweg et al., 36 2020 , which is consistent with the dominant theta activity pattern of the hippocampus (Larson et al., 37 1986, Zhang and Jacobs, 2015, Bohbot et al., 2017) . In contrast, beta-band (~13-30 Hz) activity is 38 prominent among language network locations including the cerebellum (Weiss and Mueller, 2012, 39 Edagawa and Kawasaki, 2017, Bastiaansen and Hagoort, 2006) , particularly during language tasks in 40 which sentence context supports generating expectations or predictions for specific words (Engel et al., 41 2001, Lewis and Bastiaansen, 2015, Molinaro et al., 2016) . We therefore hypothesized that transcranial 42 magnetic stimulation applied to Crus I using theta versus beta rhythmic patterns could bias its 43 participation in episodic memory versus language processing. 44
Several previous findings support the premise that noninvasive stimulation applied at theta 45 versus beta frequencies may differentially affect episodic memory versus language networks, 46 respectively. For instance, theta-burst transcranial magnetic stimulation (TMS) applied to a cortical 47 location of the episodic memory network enhanced memory performance, whereas beta-frequency 48 TMS of the same location did not affect memory (Hermiller et al., 2019) . In contrast, beta-frequency 49 TMS of a cortical location of the language network enhanced picture naming, whereas 1-Hz TMS did 50 not alter picture naming (Mottaghy et al., 1999 , Sparing et al., 2001 . Importantly, these previous 51 experiments used different stimulation locations within either the episodic memory or language network 52 and did not assess the frequency-selectivity of stimulation effects on memory versus language. 53 Therefore, it remains unclear if a single location such as Crus I can be biased to contribute to memory 54 versus language by applying theta versus beta noninvasive stimulation. The experiment we conducted 55 to test this possibility follows the logic of the "double-dissociation", which is a powerful method for 56 identifying functions supported by particular brain locations, networks, or processes (Teuber, 1955) . 57
This method involves demonstration that two distinct cognitive outcome measures are differentially 58 modulated by two distinct lesions or interventions (Knowlton et al., 1996 , Gil-Robles et al., 2013 . The 59 current experiment utilized this logic to test for rhythm-specific cerebellar stimulation effects on episodic 60 memory encoding versus language measures. 61
We applied TMS targeting Crus I using either theta or beta rhythms and measured the impact of 62 stimulation with a cognitive task that assessed highly canonical measures of language processing and 63 episodic memory encoding ( Figure 1 ). Stimulation effects on language were assessed via brain 64 electrical activity measured during reading comprehension trials designed to elicit the event-related 65 brain potential (ERP) N400 signal Federmeier, 2011, Kutas and Hillyard, 1980) . Stimulation 66 effects on episodic memory encoding were assessed by measuring subsequent high-confidence 67 performance on a delayed recognition memory test (Eichenbaum et al., 2007 , Shepard, 1967 encoding (Rugg and Yonelinas, 2003) . As is typical for experiments following the double-dissociation 71 logic, these measures of cognitive function differed fundamentally in format. Nonetheless, these distinct 72 functional outcomes are advantageous because they are well-validated probes of language versus 73 episodic memory (Rugg and Yonelinas, 2003 , Yonelinas, 2001 , Yonelinas, 2002 Federmeier, 2011, Kutas and Hillyard, 1980) , thus permitting strong inferences regarding any 75 differential influence of cerebellar theta versus beta stimulation on cognition. 76
We also applied the same stimulation rhythms to a control location of right lateral occipital 77 cortex, as this location is unrelated to episodic memory and language networks and therefore served as 78 an active-stimulation control (Figure 1 ). Each of the three stimulation conditions was delivered in a 79 separate experimental session, using a within-subjects, counterbalanced design. We hypothesized that 80 cerebellar beta stimulation would influence the N400 signal of linguistic prediction and not memory 81 encoding, whereas cerebellar theta stimulation would influence memory encoding but not the N400. 82
This hypothesized differential impact of stimulation rhythm on distinct language versus episodic 83 memory assessments follows the same logic as aforementioned double-dissociation experiments, and 84 would thereby provide strong evidence that lateral cerebellum (including Crus I) is rhythm-selective in 85 its support of episodic memory versus language. 86
Results

88
Frequency-dependent stimulation effects on N400 correlates of language 89 Figure 1. Experiment design. Each subject participated in three separate sessions. For each session, one of three TMS conditions was delivered: cerebellar theta (theta-burst), cerebellar beta (20 Hz), or control-location stimulation (either theta or beta). The induced electrical field (normE) is illustrated for a sample participant. Following stimulation on each session, subjects performed a mixed sentence reading and single-word encoding task while scalp EEG was recorded. This portion of the task occurred during the period when effects of stimulation on neural function were likely maximal. Recognition memory for words studied during the EEG phase was tested after a delay, such that retrieval occurred after the effects of stimulation had decayed (Methods).
We first tested whether cerebellar stimulation frequency influenced the N400 ERP component, 90 which is robustly modulated by expectancy or predictability of words (Figure 2) (Kutas and Federmeier, 91 2011). The N400 is typically maximal for centro-posterior electrodes approx. 300-500ms following onset 92 of less predictable as compared to highly predictable sentence-final words. As expected, subjects 93 demonstrated typical effects of predictability on N400 amplitudes (i.e., ERP amplitude differences 94 between high versus low predictability words measured at centro-posterior electrodes from 300-500 95 ms) for each of the three stimulation conditions (Figure 2; high versus low predictability amplitude for 96 location-control stimulation: t(23) = 4.32, p = .0003, d = .83; cerebellar-beta stimulation: t(23) = 6.72, p 97 < .0001, d = 1.33; cerebellar-theta stimulation: t(23) = 5.43, p < .0001, d = 1.16). 98
As hypothesized, stimulation condition significantly influenced the effect of predictability on 99 N400 amplitudes ( Figure 3a ; main effect: F(2,46) = 4.83, p = .01, hp 2 = .21). Cerebellar beta stimulation 100 enhanced the N400 effect amplitude relative to control-location stimulation (t(23) = 3.24, p = .004, d = 101
Figure 2. Typical ERP signals of language processing for each stimulation condition. (a)
Example sentences for high versus low predictability sentence-final words. (b) Average ERPs to high (solid) and low (dashed) predictability words, plotted for a representative centro-posterior electrode (Pz) for all three stimulation conditions. (c) Scalp topography of the N400 effect (i.e., difference between high and low predictability words) for each stimulation condition shows a greater and more widespread N400 distribution following cerebellar beta stimulation relative to controllocation stimulation.
.67). In contrast, cerebellar theta stimulation did not significantly influence the N400 predictability effect 102 amplitude relative to control-location stimulation (t(23) = 1.45, p = .16) or relative to cerebellar beta 103 stimulation (t(23) = 1.59, p = .13). 104
As the N400 predictability effect was calculated as the difference between high and low 105 predictability words (Kutas and Federmeier, 2011, Kuperberg and Jaeger, 2016), we performed post-106 hoc analyses to better understand how cerebellar beta stimulation increased the N400 effect relative to 107 control-location stimulation (Figure 3b ). Beta stimulation numerically but nonsignificantly increased 108 N400 amplitudes to high predictability words relative to control-location stimulation (t(1, 23) = 1.27, p = 109 .29). N400 amplitudes to low predictability words were significantly lower following cerebellar beta 110 stimulation than control-location stimulation (t(1,23) = 4.84, p = .04, d = .17). Thus, the influence of beta 111 stimulation on the effects of predictability on N400 reflected a combination of small increases in N400 112 amplitude to high predictability words and decreases in N400 to low predictability words, suggesting 113 that word processing was more strongly influenced by the predictability of the sentence context 114 (Kuperberg and Jaeger, 2016) following cerebellar beta stimulation. 115
Control analyses indicated that the effect of predictability on N400 difference amplitudes (i.e., 116 difference between high and low predictability words) did not vary by session order irrespective of 117 stimulation condition (all pairwise p values > 0.91). Thus, session-to-session practice or ordering effects 118 did not significantly alter N400 amplitudes and therefore did not contribute to the influence of 119 stimulation on N400 amplitudes. Furthermore, there was no significant difference in the effect of 120 predictability on N400 amplitudes for subjects receiving beta stimulation of the control location versus 121 subjects receiving theta stimulation of the control location (t(22) = 1.21, p = 0.24), indicating that 122 rhythm-specific stimulation effects were unique to the cerebellum. 123
To evaluate cognitive specificity, we examined effects of stimulation on N400 amplitudes 124 measured to words presented individually, as these words lacked sentence context and therefore 125
should not have involved the same levels of language processing related to contextual predictability. 126 N400 amplitudes to individually presented words did not vary significantly by stimulation condition (main 127 effect: F(2, 46) = 1.09, p = 0.35, hp 2 = 0.05; these ERPs are shown below: recognition memory ERPs).
128
Therefore, the effects of cerebellar beta stimulation on N400 amplitudes were specific to 129 sentence/contextual processing. 130
To further evaluate the selectivity of the predicted effect of beta stimulation on the N400, we 131 performed exploratory control analyses of other ERP components often measured during language 132 tasks. We examined the frontal post-N400 positivity (i.e., semantic P600, or PNP) associated with costs 133 of incorrect predictions (Van Petten and Luka, 2012), the posterior post-N400 positivity (i.e., syntactic 134
P600) associated with grammatical processing difficulties or animacy violations (Leckey and 135
Federmeier, 2019), and the frontal N200/N250 associated with early visual word form processing 136 (Holcomb and Grainger, 2006 ). There were no ERP amplitude differences between high and low 137 predictability words for any of the three stimulation conditions for semantic or syntactic P600s (all 138
pairwise p values > .08), but N200/N250 amplitudes differed by word predictability following cerebellar 139 beta stimulation (t(23) = 3.09, p = .01, d = .13) and control-location stimulation (t(23) = 2.23, p = .04, d = 140
.14), with a marginal difference for cerebellar theta stimulation (t(23) = 1.92, p = .07). However, contrary 141 to the effects observed on the N400, stimulation condition did not modulate the effect of word 142 predictability (high versus low predictability amplitude difference) for the N200/N250 component 143 (F(2,46) = 0.33, p = .72). These control analyses therefore indicate that these non-hypothesized ERP 144 components either were not sensitive to the task for any stimulation condition or showed no significant 145 differential effect of stimulation rhythm. 146 147
Rhythm-dependent stimulation effects on episodic memory encoding 148
We next evaluated effects of stimulation on episodic memory encoding of words presented 149 individually, which were studied intermixed with sentence trials. These words were studied during the 150 EEG phase within 45 minutes of stimulation delivery, i.e., within the period when the stimulation 151 During the recognition test, subjects discriminated studied words from novel foils and simultaneously 155 rated memory confidence (Jacoby, 1983 , Kelley and Wixted, 2001 , Yonelinas, 1999 . For all stimulation 156 conditions on average, subjects made more confident "old" responses to studied words than novel foils 157 (Table 1 ; t(71) = 15.17, p < 0.001, d = 2.52; d′ M = 1.65, d′ SD = 0.82), indicating successful 158 discrimination. However, discrimination was at chance when subjects made guess responses (similar 159 "old" endorsement rates for studied words and novel foils; t(71) = 0.60, p = 0.55; d′ M = 0.02, d′ SD = 160 0.42). As intended, only confident recognition trials were highly accurate and likely reflected the 161 recollection component of episodic memory that depends on the hippocampal network (Eichenbaum et 162 al., 2007 , Diana et al., 2007 , Yonelinas, 2002 , Yonelinas et al., 2005 . We therefore tested the effects of 163 cerebellar stimulation on the accuracy of confident responses. 164
Confident recognition discrimination accuracy was influenced by stimulation condition (Figure 4 ; 165 main effect: F(2, 46) = 5.61, p = 0.01, hp 2 = 0.24). Cerebellar theta stimulation enhanced accuracy 166 relative to cerebellar beta stimulation (t(23) = 2.34, p = 0.03, d = 0.35) and relative to control-location 167 stimulation (t(23) = 3.84, p = 0.001, d = 0.38). In contrast, cerebellar beta stimulation did not 168 significantly influence accuracy relative to control-location stimulation (t(23) = 0.06, p = 0.95). The 169 beneficial effects of cerebellar theta stimulation on discrimination accuracy were related to increased hit 170 rates relative to control-location stimulation (t(23) = 2.09, p = 0.05, d = 0.20) as well as reduced false 171 alarm rates relative to control-location (t(23) = 2.26, p = 0.03, d = 0.27) and cerebellar beta stimulation 172 (t(23) = 2.91, p = 0.01, d = 0.57) (Table 1) . 173
Control analyses indicated that recognition discrimination accuracy did not vary by session 174 order irrespective of stimulation condition (all pairwise p values > 0.14). Thus, session-to-session 175 practice or ordering effects did not significantly contribute to the influence of stimulation on memory. 176
Furthermore, there was no significant difference in accuracy for subjects receiving beta versus theta 177 stimulation for the control-location condition (t(22) = 0.79, p = 0.46), indicating that rhythm-specific 178 stimulation effects were unique to the cerebellum. 179 We performed two further analyses to support the assumption that these stimulation effects 180
Response type
were relatively specific to episodic memory encoding (as the encoding period immediately followed 181 stimulation and the recognition test was administered at a delay that is typically considered to be past 182 the duration of stimulation effects on cognition for the current parameters (Hoogendam et al., 2010, 183 Rossi et al., 2009, Thut and Pascual-Leone, 2010)). If the effects of stimulation persisted during the 184 recognition test, they would be expected to decay over the course of the recognition test, leading to 185 variable performance between early versus late memory testing, which might vary as a function of 186 stimulation condition. We therefore tested whether theta versus beta stimulation conditions differentially 187 influenced performance for the first and last third of memory test trials. Confident recognition 188 discrimination accuracy did not vary between early and late memory trials for either stimulation 189 condition (cerebellar beta stimulation: t(1, 23) = 0.83, p = .41; cerebellar theta stimulation: t(1, 23) = 190 0.29, p = .77), with no differential early versus late difference by condition (t(1,23) = 0.45, p = .66). This 191 finding supports the conclusion that the impact of cerebellar theta stimulation on memory reflected an 192 influence on encoding. were weakly modulated by stimulation condition (F(2, 46) = 2.96, p = .06, hp 2 = .13), reflecting relatively 200 lower late-positive amplitude following cerebellar theta stimulation versus location-control stimulation 201 (t(23) = 2.06, p = .05, d = .56). ERP amplitudes following cerebellar beta stimulation did not significantly 202 differ from either cerebellar theta (t(23) = 1.20, p = .24) or location-control stimulation (t(23) = 1.60, p = 203 .12). Thus, cerebellar theta stimulation weakly influenced ERP signals typical of word encoding when 204 measured across all trials. Control analyses indicated that session order did not influence late-positive 205 ERP amplitudes (all pairwise p values > 0.12). Additionally, subjects receiving beta versus theta 206 stimulation of the control location did not have significantly different ERP amplitudes (t(22) = 1.84, p = 207 0.08). These results indicate that stimulation effects on ERP signals associated with encoding were 208 specific to theta delivered to the cerebellum even when calculated on all words in aggregate, without 209 considering trial-specific memory outcomes. 210 Beta versus theta cerebellar stimulation had opposite effects on language versus episodic 212 memory. This pattern can be appreciated by considering standardized effect sizes. Compared to the 213 control-location stimulation condition, cerebellar beta stimulation had a larger impact on the N400 signal 214 of language than theta stimulation, whereas the opposite pattern (greater impact of theta than beta) 215 was identified for high-confidence recognition memory accuracy and late-positive ERPs during 216 encoding ( Figure 6 ). This supports the conclusion that language and memory were doubly dissociated 217 based on different effects of beta versus theta cerebellar stimulation, respectively. 218
Effects of stimulation on language versus episodic memory 211
Discussion 219
Language processing and episodic memory encoding were differentially affected by cerebellar 220 TMS applied to mimic endogenous activity rhythms of their respective networks. The nature of the 221 effect of cerebellar beta stimulation on N400 ERP amplitudes suggests enhancement of language 222 function, as predictable words elicited greater N400 amplitude whereas unpredictable words elicited 223 reduced N400s. These findings indicate that cerebellar beta stimulation enhanced discrimination of 224 contextual predictability. In contrast, cerebellar theta stimulation increased recognition discrimination 225 accuracy, and this effect was likely driven by stimulation-related changes in encoding. In sum, our 226 results suggest cerebellar beta and theta stimulation had dissociable effects on language versus 227 episodic memory, respectively. This differential effect on cognitive functions by stimulation rhythms 228 follows the logic of the neuropsychological double dissociation (Teuber, 1955, Dunn and Kirsner, 2003) , 229
suggesting that cerebellar involvement in these functions is dissociable under the command of rhythmic cognitive processing (Buzsaki and Draguhn, 2004, Engel and Fries, 2010) . Thus, our findings of 234 rhythm-specific effects of brain stimulation on distinct cognitive outcomes are consistent with this 235 "communication-by-synchrony" hypothesis. 236
The distributed network associated with the hippocampus has long been identified as important 237 for episodic memory (Mesulam, 1990 provide a cognitive corollary to this effect. We further show theta was more effective than beta 246 stimulation for memory enhancement, which is consistent with a previous study using parietal cortex 247 TMS (Hermiller et al., 2019), and suggests that theta is relatively privileged in its ability to alter function 248 of the hippocampal network. 249
The N400 is an exceptionally well-characterized neural index of semantic processing, and 250 thereby a very useful functional outcome of the language network (Kutas and Federmeier, 2011, Kutas 251
and Hillyard, 1980). N400 differences between words that are highly predictable versus less predictable 252 has been interpreted in two primary ways: as reflecting differences between the effort needed to 253 semantically (i.e., contextually) integrate the incoming word into the ongoing sentence, or as reflecting 254 differences in how sentence context can boost prediction or pre-activation of a specific word 255 (Kuperberg and Jaeger, 2016). Although our experimental design is agnostic to this debate, it is 256 noteworthy that effects of cerebellar beta stimulation on the N400 were primarily driven by changes to 257 the processing of low-predictability sentence-final words. Stimulation may have influenced how words 258 that were unlikely to be predicted or pre-activated were processed (or, alternately, may have affected 259 processing of words that require more effect to contextually integrate into the ongoing sentence). 260 Importantly, effects of cerebellar stimulation on the N400 were specific to beta. In EEG and MEG 261 studies examining oscillatory activity during sentences that typically elicit N400 effects, beta power was 262 Nonetheless, our findings suggest that beta is relatively privileged in its ability to alter the language 266 functions characterized by the N400. 267
The current "double dissociation" based on stimulation rhythm is notable with respect to the 268 possibility of shared functional neuroanatomy for language processing and episodic memory. Some and Duff, 2016); but see (Ryskin et al., 2019) ). Consistent with this hypothesis, cerebellar theta 273 stimulation influenced both functions but with greater effects on episodic memory, whereas cerebellar 274 beta stimulation exclusively affected language processing and not episodic memory (Figures 3 and 5) . 275
Nevertheless, we identified differential patterns of influence consistent with the functional dissociation of 276 language versus episodic memory based on the rhythm of cerebellar stimulation, indicating dissociation 277 of both these functions and cerebellar contributions to them. 278
Our results are consistent with theories that brain stimulation impacts networks by entraining Notably, we do not suggest that network activity remained entrained to the applied stimulation rhythm 281 long after stimulation delivery to achieve the current results, but rather that a lasting impact on network 282 function was achieved by rhythm-matched stimulation due to an entrainment mechanism. In contrast to 283 these resonance-oriented theories, compensation-oriented accounts propose that stimulation effects on 284 local brain activity result in the opposite effect on connected regions, via an unknown homeostatic memory-related fMRI connectivity to a greater degree than did beta stimulation, but beta stimulation did 295 not result in an opposite effect relative to sham stimulation. It has also recently been demonstrated that 296 stimulation parameters have non-uniform effects when applied to different cortical areas (Castrillon et 297 al., 2020) , calling into question the simple excitation/inhibition dichotomies derived from studies 298 exclusively of primary motor cortex. Collectively, these results are consistent with resonance-oriented 299 accounts of brain stimulation effects on cognition, whereby stimulation patterns matched to network-300 specific oscillations optimally facilitate network function. Nonetheless, long-lasting impact of effective 301 rhythms are governed by yet-unknown mechanisms, which could include a variety of neuroplasticity-302 related processes and are unlikely to reflect long-lasting resonance of neural activity following 303 stimulation. 304
One limitation of the current study is that mechanistic interpretations are limited by the nature of 305 the episodic memory and language outcomes measured. It is thought that the cerebellum controls the 306 intricate timing of neural processing throughout distributed cortical networks in a frequency-specific determine whether stimulation altered circuit-specific timing of activity, and therefore could not evaluate 312 such mechanisms. However, it is notable that the frequency-specific impact of stimulation on cognitive 313 function is consistent with the idea that oscillatory activity was affected by cerebellar stimulation, at 314 least temporarily. Further, although the experiment design and results suggest that the effect of 315 cerebellar theta stimulation was on memory encoding, we did not also test for selective encoding 316 effects by delivering stimulation between encoding and retrieval, and so cannot be entirely confident 317 that only encoding was improved versus other stages of memory processing. Finally, although we 318 targeted cerebellar Crus I, the induced electrical field could have influenced other areas of cerebellum, 319 and our conclusions regarding the functional neuroanatomical specificity of the observed influences of 320 stimulation are limited by the lack of localization data, such as provided by fMRI or related methods. 321
These are issues that could be addressed in future experiments. 322
The current findings could be relevant to the use of noninvasive brain stimulation for the 323 treatment of language and episodic memory impairments, such as those that occur due to 324 neurodegeneration of corresponding language and episodic memory networks (Golomb et al., 1993 , 325 Mesulam et al., 2014 . Rhythm-specific stimulation effects on language versus episodic memory could 326 provide a means to efficiently target specific symptoms in specific patient groups to achieve relatively 327 personalized treatments. Furthermore, the cerebellum may be superior to cerebral cortical targets for 328 stimulation in neurodegenerative disease because it is relatively less affected by neuropathological Review Board at Northwestern University and were paid for their participation. Data from one subject 341 were excluded from analyses due to excessive artifacts in EEG recordings (see below). Reported 342 analyses thus include 24 adults (16 women; average age: 25.3 years; range: 18-37 years). 343 344
Experiment design 345
Prior to the three experiment sessions, each subject completed a structural MRI scan to provide 346 anatomical localization for TMS targeting. The experiment used a within-subjects design across three 347 sessions performed on non-consecutive days (average inter-session interval: 6 days; range: 2-26 348 days). During each session, one of three stimulation conditions was delivered immediately prior to the 349 EEG phase, which was then followed by the test phase (Figure 1) . The EEG phase comprised 350 approximately 28 minutes during which sentence and single-word materials were presented while EEG 351 was recorded (see below). Stimulation order across sessions was counterbalanced across subjects. 352
Visual stimuli were counterbalanced across stimulation conditions and session orders. EEG caps were 353 affixed to subjects and prepared prior to stimulation, such that presentation of experimental materials 354 began 10 minutes after the final stimulation pulse for each session. The EEG phase was followed by a 355 30-minute delayed word recognition task test phase, during which EEG was not recorded. 356
357
TMS protocol 358
During each session, subjects first received one of three TMS conditions: cerebellar theta (5 Hz 359 delivery of 50-Hz bursts), cerebellar beta (20 Hz), or location-control stimulation. Location-control 360 stimulation was delivered at the right lateral occipital cortex and was counterbalanced between theta 361 and beta pattered stimulation across subjects. 362 MRI data were collected using a Siemens 3T Prisma whole-body scanner with a 64-channel 363 head-neck coil located in the Northwestern University Center for Translational Imaging (CTI). Structural 364 images were acquired using a T1-weight MPRAGE sequence (176 frames; TE: 1.69ms; TR: 2170ms; 365 TI: 1160ms; flip angle: 7°; voxel resolution: 1.0 × 1.0 × 1.0 mm; 1-mm thick sagittal slices; 256 × 366 256mm FOV; scan duration: 5.1min). Structural MRI data were preprocessed using AFNI software 367 (Version AFNI_19.3.04) (Cox, 1996) . Scans were skull stripped (3dSkullStrip) and warped into 368
Talairach-Tournoux (TT) stereotactic space using the TT_N27 atlas (auto_tlrc). Lateral-cerebellar and 369 occipital control-location stimulation sites were selected using a priori coordinates and are listed in MNI 370 space for convenience (cerebellum MNI: 41, -79, -39 (cf. (Halko et al., 2014) ); occipital MNI: 47, -78, -371 13 defined based on lack of membership in memory and language cortical network parcellations (Yeo 372 et al., 2011 , Shain, 2019 ). Each stimulation location was adjusted per subject to fall on the nearest 373 adjacent brain surface (mean distance from default target: 1.7 mm for cerebellum, 3.6 mm for occipital) 374 and then transformed back into subject-specific original MRI space for anatomically guided TMS. The 375 average distance between cerebellar and control-location stimulation targets in original space was 29.6 376 mm (SD = 1.7 mm). 377
Beta and theta stimulation both comprised 600 bipolar pulses applied at individualized intensity. 378
For beta stimulation, pulses were delivered in fifteen 40-pulse 20-Hz trains (2sec on, 28sec off; approx. 379 7 min. total duration; i.e., 20-Hz repetitive TMS). For theta stimulation, 50-Hz pulse triplets were 380 delivered every 200ms (5 Hz) for 40 seconds continuously (i.e., continuous theta-burst stimulation). To 381 better match the subjective duration of stimulation conditions, theta stimulation was preceded by 382 approx. 6.5 minutes of beta stimulation delivered at a very low, sub-threshold intensity (10% of resting 383 motor threshold). Each subject received theta stimulation and beta stimulation of the cerebellar target 384 across different sessions. For the control-location session, half of the subjects received theta 385 stimulation and half received beta stimulation. All stimulation conditions were counterbalanced across 386 session order and were matched across sessions for stimulation intensity (calibrated per subject). 387
Subjects were informed that stimulation pattern and location and thus sensation would vary among 388 sessions but were unaware of location-or stimulation-specific study hypotheses. 389
We delivered TMS via a MagPro X100 system with a Cool-B65 coil (MagVenture A/S, Denmark) 390 using frameless stereotactic guidance (Localite GmBH, Germany). Maximum stimulation intensity was 391 calibrated to 80% of the resting motor threshold identified for the right abductor pollicis brevis before the 392 experimental sessions. Intensity was adjusted for comfort in 13 subjects, resulting in an average 393 stimulation intensity of 78.7% resting motor threshold (42.8% stimulator maximum output, range: 32-394 55%). For subjects with adjusted intensity, the same intensity was used for all stimulation conditions. 395 TMS was delivered to optimize induced electric field orientation, directed medial-rostrally for the 396 cerebellum and medial-laterally for the occipital cortex (Janssen et al., 2015) . Finite element modeling 397 using subject-specific MRI was used to calculate induced electrical field following cerebellar and 398 location-control stimulation (as shown for a representative subject in Figure 1 ), implemented in 399
SimNIBS version 3.0 (Thielscher et al., 2015) . 400 401 Combined prediction and episodic memory task 402 EEG phase. 80 sentences and 64 single words were presented during each session. Subjects 403 were instructed to read each sentence for comprehension, which was tested by manual response to 404 true-false statements following 16 trials. Subjects were additionally informed that they would be tested 405 on word memory. At each session, subject performed a brief (approximately 5min) practice including 406 the delayed memory test. 407
Stimuli included 480 sentence pairs with 240 unique sentence-final critical words (similar to 408 materials presented in (Dave et al., 2018) ). Two factors varied between sentences in each pair: cloze, 409 or the likelihood a sentence would end in a specific sentence-final word, and contextual constraint, or 410 the highest probability a sentence would end in any final word. One sentence of each pair was strongly 411 constrained towards a highly expected (i.e., high cloze) ending (average cloze: 90%; range: 80-100%), 412 e.g., Mark hates raw fish, so he refuses to eat sushi. These endings are referred to as "high 413 predictability". The second sentence in each pair was weakly constrained (average constraint: 21.3%; 414 range: 6-30%) and ended with a low cloze, or unlikely to be predicted, final word (average cloze: 1.1%, 415 range: 0-4%), e.g., It is common to use your hands to eat sushi. These endings are referred to as "low 416 predictability." Averages for cloze and constraint were obtained from 50 additional adults (average age: 417 36.4 years; range: 22-68 years) recruited and compensated via Amazon Mechanical Turk. 418
Sentence length was approximately matched across sentence pairs generated for the 419 prediction task (i.e., within 2 words for each pair; average length: 9 words; range: 6-11 words). Critical 420 words had a mean SUBTLEX-US frequency count of 1215, mean length of 5.4 letters, and a mean 421 concreteness rating of 3.9 (Brysbaert et al., 2014) ). Frequency, word length, and concreteness ratings 422 of sentence-final words were matched across the 80 sentences selected for each session. 423
We created a list of 192 separate words for single-word trial presentation. For the single words, 424 the mean frequency count was 1182, mean word length was 5.4 letters, and a mean concreteness 425 rating was 3.8. 64 words were presented during each session, matched on frequency, length, and 426 concreteness across sessions. 427
During the EEG phase of each session, each subject read 40 high predictability and 40 low 428 predictability sentences that were randomly intermixed, such that each critical word and its 429 corresponding sentence was presented once per subject. The sentences were counterbalanced across 430 two experimental lists so that each target word appeared equally often in high and low predictability 431 sentences. To test sentence comprehension, subjects were asked to evaluate true-false statements on 432 20 percent of trials (average accuracy: 92.3%, range: 75-100%), indicating that subjects both 433 understood sentence content and were paying adequate attention while reading. 64 single-word trials 434 were presented during each session, randomly intermixed with sentence trials. 435
Prior to each trial, a cue (e.g., SENTENCE or WORD) was displayed for 2000ms to indicate 436 upcoming trial type to subjects. Cue presentation was followed by a 4000ms display of a central fixation 437 cross. Sentences were presented via rapid serial visual presentation (RSVP) with a stimulus-onset 438 asynchrony of 600ms (300ms/word). Single words were similarly presented for 300ms following two 439 buffer items ("XXXXXX") used to standardize reading preparedness between sentence and single-word 440 trials. 1200ms of blank screen were shown after sentence-final target words and single-word trials, 441 followed by a 4000ms display of a central fixation cross between trials. 442
Continuous EEG was recorded from 27 active Ag/AgCl electrodes mounted in an elastic cap 443 (Brain Vision LLC, actiCAP). Electrodes were not positioned at areas where TMS was delivered in 444 order to facilitate cerebellar and occipital stimulation. To monitor saccades and blink activity, four 445 additional electrodes were placed below and on the outer canthi of the left and right eyes. All electrode 446 impedances were kept below 10kΩ. The EEG signal was amplified online (bandwidth: 20,000Hz) and 447 was digitized continuously at a sampling rate of 1000Hz along with stimulus onset codes used for 448 subsequent averaging. All channels were referenced to the right mastoid and re-referenced offline to 449 the average of right and left mastoids. Data were collected via Pycorder (Python) and processed via 450
Matlab (The MathWorks, Natick, MA) using ERPlab plugins (Lopez-Calderon and Luck, 2014) 451
Delayed recognition test phase. Following the EEG phase for each session, memory was tested 452 for the words encountered during the EEG phase (64 sentence-final words, excluding those that were 453 paired with comprehension questions during study, and 64 single words). These studied words were 454 randomly intermixed with an equal number of novel lure words matched on length, frequency, and 455 concreteness with studied words. Subjects attempted to discriminate studied from lure words using a 456 four-point confidence scale (confident old, guess old, guess new, and confident new). Words were 457
presented individually alongside the confidence scale, and subjects were given up to five seconds to 458 respond, with the recognition response cueing delivery of the next word. The primary episodic memory 459 outcome measure was memory performance for single words, given the uncertainty about the cognitive 460 processes reflected by recognition of sentence-ending words. between high-and low-cloze trials maximal over central and posterior electrode sites (CP1, CP2, CZ, 478 C3, C4, Pz, P3, P4, O1) 300-500ms after word onset. We calculated the mean ERP amplitude 300-479 500ms averaged for this set of electrodes for both cloze conditions and calculated the N400 by 480 subtracting amplitudes for low cloze from those for high cloze. A repeated-measures analysis of 481 variance (rANOVA) was performed with a within-subject factor of stimulation to assess the effect of 482 varying stimulation parameters on N400 ERPs. All rANOVA analyses were followed by t tests of paired 483 stimulation conditions. 484
We performed additional analyses on three other ERP components associated with language 485 processing (described in Results). We measured the posterior syntactic P600 (Leckey & Federmeier, 486 2019) at central and posterior electrodes (CP1, CP2, CZ, C3, C4, Pz, P3, P4, O1) 600-900ms after 487 word onset. We also calculate mean ERP amplitudes over a set of fronto-central electrodes (FP1, FP2, 488 FC1, FC2, Fz, FC5, FC6) to assess two additional language-related effects: the N200/N250 (Holcomb 489 and Grainger, 2006; measured for 150-300ms following word onset) and the semantic P600/PNP (Van 490
Petten and Luka, 2012; measured for 600-900ms following word onset). 491
Behavioral analyses for delayed recognition of individually studied words focused on 492 discrimination sensitivity (d′), a normalized metric of successful discrimination of studied from novel lure 493 words (Yonelinas, 2002 , Wixted, 2007 . Response rates for each response type (old/new) and 494 confidence level (confident/guess) and stimulus type (studied/foil) are listed for each condition in Table  495 1. As indicated in the Results, only confident responses were accurate. Therefore, we analyzed the 496 effect of stimulation on d′ calculated only for confident responses. We performed one-way rANOVAs 497 using a within-subjects factor of stimulation with follow-up paired t tests. We additionally examined ERP 498 correlates of word encoding following similar procedures as for the N400 analysis. We calculated mean 499 ERP amplitude for central and posterior electrodes where the parietal memory effect is typically 500 maximal (CP1, CP2, CZ, C3, C4, Pz, P3, P4, O1) 650-750ms after word onset for all studied single-501 word trials. The authors have no competing interests to disclose. 525
